] i increase was partially related to a phospholipase C (PLC)-dependent mechanism, which probably explains the Ca 2؉ release from the ER. We also demonstrated for the first time that viral proteins or peptides, released into culture supernatants of rotavirusinfected Caco-2 cells, induced a transient increase in [Ca 2؉ ] i of uninfected Caco-2 cells, by a PLC-dependent efflux of Ca
2؉ from the ER and by extracellular Ca 2؉ influx. These supernatants induced a Ca
2؉ -dependent microvillar F-actin alteration in uninfected Caco-2 cells, thus participating in rotavirus pathogenesis.
Rotaviruses, members of the Reoviridae family, are recognized as the most important cause of viral gastroenteritis in young children and animals. Although much is known about their replication and maturation processes, the pathophysiologic mechanisms by which rotavirus infection induces diarrhea remain unclear. In order to approach in vitro the situation in vivo and gain further insights into the pathophysiologic mechanisms of rotavirus infection, we (19) (20) (21) and others (34) have used the human intestinal epithelial cell line Caco-2. These cells, established from a human colon adenocarcinoma (12) , spontaneously differentiate after confluency and display many of the morphologic and biochemical properties of mature enterocytes (30, 39) . These characteristics include cellular polarization, with the appearance of an apical brush border and the expression of a variety of enterocytic hydrolases. Since rotaviruses have been described to exhibit marked tropism for the differentiated enterocytes of the intestinal epithelium (4, 7), Caco-2 cells currently represent an appropriate model for in vitro studies of rotavirus infection.
We have recently reported that infection of Caco-2 cells with the simian rotavirus strain RRV selectively induces a decrease in the activity and apical expression of the brush border-associated hydrolase sucrase-isomaltase (SI). These alterations have been shown to result from a profound alteration in the intracellular traffic of the enzyme, concomitant with microvillar F-actin and villin disassembly (19) . We have hypothesized that cytoskeleton disorganization could be implicated in functional perturbations, such as alteration in apical surface expression of SI, which lead to the default in nutrient digestion and thereby indirectly participate in triggering of diarrhea. However, the mechanisms of apical actin alteration in rotavirus-infected Caco-2 cells remain unknown. Since it is now well documented that Ca 2ϩ is a determinant factor for actin cytoskeleton regulation through actin-binding proteins (13, 38) , elevation of intracellular calcium concentration ([Ca 2ϩ ] i ) in rotavirus-infected Caco-2 cells may be implicated in the alteration of microvillar actin. Several studies seem to indicate that Ca 2ϩ is a determinant factor in rotavirus cytopathogenesis. Michelangeli et al. (27) have shown that rotavirus-specific protein synthesis induces alteration in Ca 2ϩ homeostasis in infected MA104 cells. They indicated that the increase in [Ca 2ϩ ] i results from an increase of plasma membrane permeability. An increase of the intracellular sequestered Ca 2ϩ pools has also been measured (26, 27) . The effect of viral protein synthesis on [Ca 2ϩ ] i homeostasis may be responsible for cytopathic effect and cell death (26, 29) . Tian et al. (35, 36) have reported that the expression of the rotavirus nonstructural protein NSP4 increases [Ca 2ϩ ] i in Spodoptera frugiperda (Sf9) cells. This elevation in [Ca 2ϩ ] i was not due to an increased influx of extracellular Ca 2ϩ but seemed to result from the increase in Ca 2ϩ efflux from the endoplasmic reticulum (ER) (35) . Exogenous application of purified NSP4 or a peptide comprising amino acid residues 114 to 135 of NSP4 also mobilized Ca 2ϩ from internal stores in Sf9 cells, but through a phospholipase C (PLC)-dependent mechanism (35) . In the human colonic adenocarcinoma cell line HT-29, exogenous NSP4 was shown to induce both Ca 2ϩ release from intracellular stores and plas-malemma Ca 2ϩ influx, through receptor-mediated PLC activation and inositol 1,4,5-triphosphate (IP 3 ) production (9) . The same laboratory has reported that NSP4 or amino acid residues 114 to 135 of NSP4 induced diarrhea in young mice when injected intraperitoneally or intraileally, confirming the possible role of NSP4 in triggering of diarrhea (2) . They proposed that NSP4 could act as a viral enterotoxin. However, Ca 2ϩ homeostasis studies conducted in vitro have not allowed simultaneous observation and discrimination of the effects of endogenously expressed viral proteins in infected cells and the effects of extracellular released viral proteins on neighboring cells.
In ] i increases observed in RRV-infected cells and supernatant-treated uninfected Caco-2 cells both induce microvillar F-actin disassembly. This structural alteration could be an important step in rotavirus pathogenesis, since it could participate in triggering of diarrhea through functional perturbations of enterocytes.
MATERIALS AND METHODS
Reagents. Ionomycin, trypsin, paraformaldehyde, Triton X-100, 1,4-diazabicyclo-(2.2.2.)octane (DABCO), NaCl, KCl, CaCl 2 , MgCl 2 , MnCl 2 , HEPES, 4Ј-aminomethyl-4,5Ј,8-trimethylpsoralen, EGTA, and 2,5-di(tert-butyl)-1,4-benzohydroquinone (tBuBHQ) were purchased from Sigma. 1,2-bis(2-Aminophenoxy)ethan-N,N,NЈ,NЈ-tetraacetic acid acetoxymethyl ester (BAPTA-AM) and 2-[(2-amino-5-methylphenoxy)methyl]-6-methoxy-8-aminoquinoline-N,N,NЈ,NЈ-tetraacetic acid tetraacetoxymethyl ester (quin2-AM) were from Molecular Probes (via Interchim, Montluçon, France). Glycergel and IDEIA rotavirus were from Dako (Dakopatts, Copenhagen, Denmark). D-Glucose, Tween 20, and dimethyl sulfoxide were obtained from Prolabo (Paris, France). U-73122 and U-73343 were purchased from Calbiochem via France Biochem, Meudon, France. Products for cell culture were from Life Technologies, Eragny, France. The bicinchoninic acid assay kit was from Pierce via Interchim.
Cells and culture conditions. The Caco-2 cell line was established from a human colon adenocarcinoma by J. Fogh (12) . Caco-2 cells (passages 60 to 90) were grown in Dulbecco's modified Eagle's medium (DMEM; Gibco) supplemented with 15% (vol/vol) heat-inactivated fetal calf serum (FCS), 1% nonessential amino acids, 100 U of penicillin/ml, and 100 g of streptomycin/ml at 37°C in a humidified 10% CO 2 incubator. Caco-2 cells (10 4 /cm 2 ) were seeded in 25-cm 2 culture flasks (Corning) for intracellular calcium concentration studies and in 24-well plates (TPP) containing coverslips for cytoskeleton studies. The medium was changed every day, and the cells were used for 14 to 16 days after seeding. MA104 cells were grown in MEM supplemented with 10% FCS, 2 mM glutamine, 1% nonessential amino acids, 20 U of penicillin/ml, and 40 U of streptomycin/ml at 37°C in a humidified 5% CO 2 incubator. Cells (10 5 /cm 2 ) were seeded in 150-cm 2 culture flasks (Falcon; Becton Dickinson) for virus stock production and in six-well plates (Falcon, Becton Dickinson) for virus titration. MA104 cells were used 48 h after seeding.
Virus. Rhesus rotavirus RRV was obtained from J. Cohen (Institut National de la Recherche Agronomique, Jouy-en-Josas, France). Virus stocks were generated in MA104 after 24-h preincubation of the cells in serum-free medium. Virus was activated by treatment with trypsin (0.5 g/ml) at 37°C for 30 min. MA104 cell monolayers were then infected at a multiplicity of infection (MOI) of 0.002. After 1 h of adsorption at 37°C, the inoculum was removed and infected cells were incubated in culture medium containing 0.5 g of trypsin/ml. After exhibiting a complete cytopathic effect, the cultures were freeze-thawed and cell debris was removed by centrifugation. The titers of virus were determined by plaque assay on MA104 cells as previously described (10) .
Virus inactivation. Genetic inactivation of cell culture-derived RRV was accomplished through a process using psoralen and long-wave UV light that irreversibly cross-links viral RNA but does not alter the hemagglutination function or antigenic characteristics of rotavirus proteins (15) . Two milliliters of virus suspension was mixed with 4Ј-aminomethyl-4,5Ј,8-trimethylpsoralen at 20 g/ml in a petri box (30-mm diameter) and incubated at 4°C for 15 min. Virus was then exposed to UV light at 366 nm for 40 min. The petri box was placed on ice, and the distance between the surface of the suspension and the light source was 2 cm. The effectiveness of psoralen-UV inactivation was demonstrated by the lack of detectable viral antigen in an immunofluorescence assay in MA104-infected cells with psoralen-UV-treated RRV (data not shown). Inactivated and untreated RRV samples were compared by spectrophotometric A 260 and A 280 measurements to ensure that similar viral masses were still present after the inactivation process. An immunoassay with a rabbit polyclonal antibody was used to detect group A-specific proteins, including the major intermediate capsid protein VP6 (IDEIA rotavirus). There was no difference between psoralen-UV-treated and untreated RRV (not shown). A hemagglutination assay was used to provide a measure of the integrity of the VP4 protein on the outer capsid of RRV and thus outer capsid integrity. The titers did not significantly vary between treated and untreated samples (data not shown).
Virus infection of Caco-2 cells. Caco-2 cells, cultured without FCS during 24 h, were infected with an inoculum of trypsin-activated RRV at an MOI of 10 PFU/cell for 1 h at 37°C. The inoculum was then removed, and fresh medium containing 0.5 g of trypsin/ml was added. This time was taken as time zero for all experiments. Infected cells were incubated at 37°C in a humidified 10% CO 2 incubator and were processed for experiments at the indicated times postinfection (p.i. ] i was measured using the fluorescent indicator quin2, which was incorporated intracellularly as its acetoxymethyl ester quin2-AM. Quin2-AM was chosen in preference to fura2 because of less compartmentalization of this dye within membrane-bound cytoplasmic organelles in Caco-2 cells. Stock quin2-AM was dissolved in 100% dimethyl sulfoxide to a concentration of 1 mg/ml and stored at Ϫ20°C. Cell monolayers were trypsinized, washed twice in serum-free DMEM by centrifugation, and resuspended in serum-free DMEM at a concentration of 1.5 ϫ 10 6 cells per ml. The cells were incubated in the dark with 50 M quin2-AM for 30 min at 37°C. After loading, to remove extracellular quin2-AM, cells were washed twice by centrifugation in an extracellular medium (EM) containing 116 mM NaCl, 1.2 mM KCl, 1.2 mM MgCl 2 , 1.8 mM CaCl 2 , 10 mM HEPES, and 1 g of glucose/liter (pH 7.4). The cells were resuspended to 1.5 ϫ 10 6 cells per ml and incubated for 45 min in the dark, at room temperature, to allow for maximum dye deesterification. For all measurements, cells were temperature equilibrated in a thermostatically controlled quartz cuvette (37°C) equipped with a magnetic microstirrer. Fluorescence was measured in a Perkin-Elmer LS-50 spectrofluorimeter with the excitation and emission wavelengths being recorded at 339 and 492 nm, respectively. [Ca 2ϩ ] i was evaluated by the method of Tsien et al. (37) , using an equilibrium dissociation constant (K d ) for the quin2-Ca 2ϩ complex at 37°C of 115 nM. Calibration was performed for each sample after the sequential addition of Triton X-100 and then 25 mM EGTA to the cell suspension to provide the respective maximum (F max ) and minimum (F min Step change in extracellular Ca 2؉ concentration. The relative Ca 2ϩ permeability of control and virus-infected cells was evaluated by imposing a step increase in the extracellular Ca 2ϩ concentration and measuring the rate of change in [Ca 2ϩ ] i during the first few seconds. This change is the result of the net Ca 2ϩ flux between the cytoplasm and the external medium and between the cytoplasm and Ca 2ϩ -sequestering organelles. Nevertheless, the elevation in [Ca 2ϩ ] i during the first few seconds should be a measurement of unidirectional Ca 2ϩ flux and therefore of calcium permeability.
(ii) Mn 2؉ influx. Mn 2ϩ enters epithelial cells by the same route as Ca 2ϩ (24, 25) . The rate of quenching of quin2 fluorescence by Mn 2ϩ was used to estimate plasma membrane permeability to Ca 2ϩ and the effect of rotavirus infection on this parameter (27) . The measurements were made at excitation and emission wavelengths of 366 nm and 492 nm, respectively, wavelengths at which quin2 fluorescence is independent of Ca 2ϩ concentration (16) . We normalized the fluorescence to the initial intensity just before the addition of Mn 2ϩ (100%). Triton X-100 was added to obtain the fully quenched value, which was taken as basal (0% Immunofluorescence and confocal laser scanning microscopy (CLSM). Caco-2 cells cultured on coverslips were fixed with 2% paraformaldehyde for 15 min at room temperature, washed four times with phosphate-buffered saline containing 0.2% Tween 20 (PBS-Tween), and then permeabilized using Triton X-100. After three washes in PBS-Tween, cells were stained for F-actin or RRV by incubation with the antibodies or lectin described above for 60 min at room temperature. After four washes in PBS-Tween, incubation with TRITC-conjugated second antibody was performed for 1 h. Following four washes in PBSTween, cells were incubated for 10 min with DABCO antifading reagent and coverslips were mounted in Glycergel. Cells were observed in a Leitz Aristoplan microscope with epifluorescence or a Leica TCS equipped with a DMR inverted microscope and a 63/1.4 objective. A krypton-argon mixed-gas laser was used to generate two bands: 488 nm for FITC and 568 nm for TRITC. A band pass filter was used to recover FITC fluorescence, and an LP 590 filter was used for TRITC. Both fluorochromes were excited and analyzed in one pass with no interference between the two channels.
Statistical analysis. Values are given as means Ϯ standard deviations. Statistical differences were determined by Student's t test. 2؉ ] i increase in Caco-2 cells. The intracellular calcium concentration was determined in Caco-2 cells infected with rotavirus RRV (Fig. 1A) . In uninfected Caco-2 cells, the average basal [Ca 2ϩ ] i was 137 Ϯ 8 nM (n ϭ 58). In infected cells, a progressive increase in [Ca 2ϩ ] i from 7 h p.i. (P Ͻ 0.01) was measured. At 18 h p.i., [Ca 2ϩ ] i reached values on the order of 450 nM and was maintained at a steady state. No cell membrane alteration occurred at this time of infection, as indicated by evaluation of the LDH activity in culture supernatants (Fig. 1B) . Measurements beyond 24 h were not reliable because of cell membrane alteration.
RESULTS

Rotavirus infection induces [Ca
[Ca 2؉ ] i increase induces microvillar F-actin disorganization in RRV-infected Caco-2 cells. As we have previously described (19), F-actin staining completely disappears from the brush border of RRV-infected cells at 24 h p.i. Here we observed that this microvillar F-actin disorganization could also be observed at 18 h p.i. (Fig. 2A to C) 2D ) and RRV-induced microvillar actin alteration ( Fig. 2E and F) . These results suggest that a rotavirus-induced increase in [Ca 2ϩ ] i is necessary for F-actin disorganization. To determine if the elevation in [Ca 2ϩ ] i was by itself responsible for apical actin alteration, mock-infected Caco-2 cells were treated with ionomycin, a Ca 2ϩ ionophore. After 7 min of contact with 10 M ionomycin, Caco-2 cells were fixed and permeabilized, and actin was stained with phalloidin-fluorescein. CLSM was used to study the spatial distribution of actin microfilaments. In ionomycin-treated cells, the F-actin staining completely disappeared from the apex of the cells (Fig. 2G) (Fig. 5) . In contrast, U-73343 had no effect on [Ca 2ϩ ] i mobilization by RRV. The effect of U-73122 was not due to cellular toxicity since this agent did not affect [Ca 2ϩ ] i of noninfected Caco-2 cells. The effect of U-73122 was not due to inhibition of viral replication since viral production was not significantly different (P Ͼ 0.01) between U-73122 treated ] i increase in mock-infected cells (Fig. 6C) . These data suggest that the effects of supernatants of infected cells on [Ca 2ϩ ] i are related to the presence of one or several newly synthesized viral protein(s) or peptide(s).
To study the origin of the [Ca ] i increase induces microvillar actin alteration in RRV-infected Caco-2 cells, we examined the effects of supernatants of RRV-infected cells on F-actin organization of uninfected Caco-2 cells. Cells were treated with 18 h p.i.-infected supernatants for indicated times, and F-actin was revealed as described above. After 40 min, marked alterations were observed in treated cells (Fig.  8B) . F-actin staining disappeared from the apex of the cells and was detected only at the periphery of the cells. After 90 min, actin disorganization appeared to be completely reversed, as the cells presented a normal F-actin pattern (Fig. 8C) . Treatment of Caco-2 cells with 50 M tBuBHQ and 3 mM EGTA, which were shown to abolish the supernatant-induced [Ca 2ϩ ] i rise (see above), also prevented microvillar F-actin disorganization (Fig. 8D) . Taken ] i elevation at 6 h p.i. The increase in Ca 2ϩ in the intracellular organelles which we observed presumably corresponded to this activation of regulatory systems, such as Ca 2ϩ -ATPase pumps of the ER. The comparison between the levels of plasma membrane permeability at 6 and 18 h p.i. indicates that the increase in Ca 2ϩ permeability is higher as infection progresses. Therefore, after 6 h p.i., the progression in plasma membrane permeabilization beyond the capacity of the regulating systems seems to be responsible for the [Ca 2ϩ ] i increase. It is now well documented that elevated Ca 2ϩ concentration in the ER is essential for rotavirus assembly and maturation (26, 31) . Therefore, the Ca 2ϩ concentration increase that we found in intracellular organelles of RRVinfected Caco-2 cells, including the ER, can be considered an essential step in rotavirus replication process.
We demonstrated that the ER Ca 2ϩ pool is partially responsible for the [Ca 2ϩ ] i increase at a late stage of infection. It has been shown that depletion of Ca 2ϩ from the ER can in turn induce extracellular Ca 2ϩ influx in several types of cells (8, 11, 18, 23, 33) . However, the increased Ca 2ϩ influx that we observed in RRV-infected cells cannot be a secondary event due to the depletion of Ca 2ϩ from the ER. Indeed, mobilization of Ca 2ϩ from the ER appeared only at a late stage of infection, several hours after the increase in Ca 2ϩ permeability of the plasmalemma. One possibility to explain the efflux of Ca 2ϩ from the ER is the opening of preexisting Ca 2ϩ channels. The opening of Ca 2ϩ channels on the ER membrane is regulated by IP 3 , produced by PLC which is usually activated by a surface receptor, often coupled to intracellular mediators through GTP-binding regulatory proteins (3) . Since Ca 2ϩ depletion of the ER induced by tBuBHQ is known to correspond to the mobilization of the IP 3 -sensitive pool (22) , the partial inhibition of [Ca 2ϩ ] i increase that we observed using this drug suggests an IP 3 -dependent release of the ER Ca 2ϩ stores during RRV infection. In accordance with these results, we demonstrated that at a late stage of infection, [Ca 2ϩ ] i is partially increased by a PLC-dependent Ca 2ϩ release from the ER, through the opening of IP 3 -sensitive channels. However, we cannot exclude the implication of other mechanisms facilitating the efflux of Ca 2ϩ , such as a decreased pumping activity or a direct alteration of the ER membrane.
Taken together, these observations suggest that the mechanisms responsible for [Ca 2ϩ ] i increase in a monolayer of RRVinfected Caco-2 cells vary as a function of the stage of infection (Fig. 9) natant-induced [Ca 2ϩ ] i rise. This is not surprising, since as noted above, it has been shown that mobilization of Ca 2ϩ from the ER can stimulate extracellular Ca 2ϩ influx in mammalian cells. We (20) and others (34) have demonstrated that during RRV infection of Caco-2 cells at an MOI of 10, the proportion of infected cells after 18 h does not exceed 80%. Therefore, at a late stage of infection, uninfected cells can be stimulated for an increase in [Ca 2ϩ ] i by the viral proteins released in extracellular medium from RRV-infected Caco-2 cells (Fig. 9) ] i rise triggered by RRV infection was directly responsible for changes in the organization of actin. Therefore, the [Ca 2ϩ ] i increase in rotavirus-infected intestinal epithelial cells could explain through F-actin disassembly the aberrantly shaped microvilli observed by electron microscopy (21) , which could play a role in rotavirus pathogenesis by the reduction of the absorptive surface of the intestinal epithelium. We propose that the [Ca 2ϩ ] i increase may also be implicated in functional perturbations of rotavirus-infected intestinal epithelial cells, through structural alteration of the brush border. Indeed, in epithelial cells, the involvement of microvillar cytoskeleton in the organization of the apical pole is now well documented (1, 6, 14, 28, 32) . Therefore, a [Ca 2ϩ ] i rise, through microvillar actin disassembly, may induce perturbations of the expression of intestinal hydrolases, such as SI, which leads to impaired nutrient digestion and thereby participates in triggering of diarrhea. Since we showed that the of microvillar F-actin in enterocytes constitutes a new mechanism of rotavirus-induced cell injury, which may be implicated in triggering and/or amplification of diarrhea.
